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We have synthesized nanoporous gold NPG films with a nanostructure consisting of small
nanopores and large gold ligaments by the combination of chemical dealloying and electroless
plating. The NPG films exhibit dramatic improvement in surface enhanced Raman scattering
SERS in comparison with the conventional NPG. The superior SERS effect of the NPG films
results from the confluence effect of enhanced local surface plasmon fields and electromagnetic
coupling between ligaments, as well as the weak plasmon damping with increasing gold ligament
sizes. © 2009 American Institute of Physics. DOI: 10.1063/1.3143628
The extraordinary optical properties of nanostructured
noble metals arising from surface plasmon resonance SPR
have received increasing interests in fundamental research
and technological applications in photonic devices and
biosensors.1,2 One of the most important applications of
surface-plasmon-based techniques is surface enhanced Ra-
man scattering SERS for probing and identifying trace-
level molecules in chemical and biological systems.3–5 Re-
cently, free-standing nanoporous gold NPG films produced
by dealloying have been demonstrated to be promising SERS
substrates and the unique bicontinuous nanostructure with
nanosized gold ligaments and pores enables NPG to provide
reliable and excellent SERS signals.6–9 Conventional NPG
films fabricated by chemically dealloying Au–Ag alloys10
possess topologically and morphologically equivalent gold
ligaments and nanopores, i.e., the nanopore size d is ap-
proximately equal to the ligament size D or d /D1.11,12 It
has been demonstrated that smaller nanopores yield stronger
SERS enhancements because large curvatures and short in-
terligament distances can enhance the localized electromag-
netic EM fields. However, small nanopore sizes are always
accompanied by small gold ligaments,8,13 which gives rise to
strong plasmon damping due to electron-surface
scattering14,15 and thus weakens the near-field SPR coupling
and SERS effect.14,16,17 In this study, we optimize the nano-
porous structure of conventional NPG by plating Au on the
internal surfaces of nanopores to simultaneously reduce
nanopores and enlarge gold ligaments. The gold-plated NPG
GP-NPG films exhibit much higher SERS enhancements
compared to the conventional NPG.
The NPG films with the thickness of 100 nm were
fabricated by chemically dealloying Ag65Au35 at. % alloy
leaves in a 70% HNO3 solution for 15 min. Figure 1a
shows the scanning electron microscope SEM image, re-
vealing the average sizes for both nanopores and gold liga-
ments are of 20.5 nm. The three-dimensional 3D struc-
ture of as-prepared NPG AP-NPG Fig. 1b revealed by
electron tomography demonstrates that the nanopores and the
gold ligaments are topologically and morphologically
equivalent in 3D.11 To plate gold into the internal surfaces of
the NPG films, we employed a electroless plating
technique18,19 using 1 mM HAuCl4 supersaturated NH4NO3
solution. Hydrazine N2H4 gas was used as a reducing re-
agent and gold loading was controlled by plating time t.
After Au plating, obvious size change, i.e., decrease in d and
increase in D, can be observed. For example, after plating for
100 min, D increases from 20.5 to 36.1 nm whereas d
decreases from 20.5 to 7.1 nm Fig. 1c. The varia-
tions in nanopores and ligaments with t are also verified by
transmission electron microscopy TEM the inset of Fig.
1c. Except for some tiny gas bubbles with bright contrast
in the plated layers, detectable interfaces between original
gold ligaments and plated Au films cannot be seen, suggest-
ing that the ligaments epitaxially grow during the deposition.
Figure 1d presents the relationship of D and d with t in
which d linearly decreases while D spontaneously increases,
indicating that the d /D size ratios can be tuned by control-
ling t.




























FIG. 1. Color online Representative a top-view SEM micrograph and b
3D electron tomigraphic image of the AP-NPG films with dD
20.5 nm. c Top-view SEM of the GP-NPG films Au plated for 100 min.
Inset: TEM micrograph. d Relationship between t and D or d of GP-NPG
films.
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The SERS effect of the GP-NPG films with different
d /D ratios was evaluated using rhodamine 6G R6G as
probe molecules. The SERS spectra excited by a 514.5 nm
laser are presented in Fig. 2a, showing that as d decreases
and D increases, the SERS enhancements are remarkably
improved. Two resonance effects may be responsible for the
improved SERS effect, i.e., the resonance of the excitation of
light 514.5 nm with the SPR of GP-NPG films the plas-
mon resonance peaks max ranging from 520 to 497 nm see
Fig. 3a; and the resonances of R6G molecules absorption
wavelength abs of 524 nm with both the SPR of GP-
NPG films and the excitation of light. To clarify which factor
takes the paramount role in the strong SERS enhancements,
crystal violet CV 110−5 M was also used as testing
molecule. CV molecule with abs of 590 nm is nonreso-
nant with respect to both the excitation laser wavelength and
the plasmon resonant energy of the GP-NPG films. Figure
2b presents the SERS spectra of CV molecules adsorbed on
GP-NPG films, showing the same tendency as that of the
R6G molecules. Figure 2c illustrates the quantitative rela-
tionship between the SERS intensities of R6G and CV
Raman bands and the characteristic lengths of GP-NPG, re-
vealing dramatical increase in SERS intensities by an ap-
proximately exponential relation with the decreasing d and
the increasing D. The detection limits for R6G and CV mol-
ecules are 10−10 and 10−8 M, respectively, much better
than AP-NPG. However, when the 632.8 nm laser is used, no
pore-size dependence of SERS spectra can be observed from
both R6G and CV molecules. Therefore, the improved SERS
effect of the GP-NPG films mainly arises from the EM field
enhancements caused by plasmon excitation through the
resonant laser light.
Figure 2d shows the relative Raman intensity
ISERS,GP-NPG / ISERS,AP-NPG as an exponential function of the
ratio of d /D, where ISERS,GP-NPG and ISERS,AP-NPG denote the
SERS intensities of GP-NPG and AP-NPG films, respec-
tively. The SERS enhancements of GP-NPG are strongly de-
pendent on not only d but also the ratio of d /D. To elucidate
the size dependence, we investigated the UV-visible spectra
of GP-NPG films. Typical pore-size dependence of the wave-
length of the SP bands is shown in Fig. 3a. The wavelength
at a maximum extinction of the SP band max decreases
from 520 to 497 nm when d is reduced from 20.5 to
7.1 nm Fig. 3b. The blueshift of SP peaks of GP-NPG
films is also accompanied by the narrowing of full width  at
half-height of SP bands, or 1 /D Fig. 3c.1,20 Generally,
plasmon bandwidth is associated with dephasing of coherent
electron oscillation via =1 /cT based on the two-level
model for plasmons, where c and T denotes the speed of light
and the dephasing time, respectively.14,16,17,21 For the
NPG films, the random electron scattering is controlled by
the inner surfaces of NPG.15 Thus, the dephasing time of
coherent electron oscillation increases with increasing D,
namely TD, which gives rise to increasing local-field
enhancement.14,16,17 This effect is further illustrated by the
plot of max as a function of d Fig. 3b, which reveals a
good linear relationship for both AP-NPG and GP-NPG films
with the slops of max /d1.2 and 2.1, respectively.
22 The
difference in the slopes implies that the surface plasmon po-
laritons of gold ligaments significantly influence the optical
properties of NPG in addition to the local SPR induced by
the curvatures of nanopores.23,24
As shown in Fig. 2d, the relationship of
ISERS,GP-NPG / ISERS,AP-NPG with the d /D ratio is very analo-
gous to the general behavior of SERS enhancements in nano-
particles arrays, which is strongly dependent on the ratio of
gap/diameter owing to the enhanced near-field coupling be-
tween nanoparticles.25,26 We qualitatively verify this by near-
field calculations of NPG using a discrete dipole approxima-
tion DDA.27 A simplified nanostructure representing the
key structural features of NPG Fig. 4a is introduced to
qualitatively simulate the optical properties of NPG with the
bulk dielectric function of Au.28 Under the plane wave with
wavelength of 514 nm propagating along the direction nor-
mal to the top surface of the nanostructure, the total near-
field E2 /E0
2 distributions are shown in Figs. 4c, 4f, and
4i for NPG films with d=10 nm and D=30 nm, d=D
=10 nm, and d=D=20 nm, respectively, exhibiting that
E2 /E0
2 increases with the decrease in the d /D ratio. This is
qualitatively in accordance with experimental measurements
of the SERS enhancements. In order to evaluate the contri-
bution of the near-field coupling in the EM enhancements,
the electric field distributions of half pore Eleft
2 /E0
2 and
4 8 12 16 20
104
105














































































FIG. 2. Color online SERS spectra of a R6G and b CV molecules
adsorbed on GP-NPG films with different d /D ratios. Laser excitation:
514.5 nm for both molecules. c Nanopore-size dependence of the inte-
grated SERS intensity of Raman bands of R6G and CV at 1650 and
1175 cm−1, respectively. d The normalized SERS enhancements of GP-
NPG films ISERS,GP-NPG / ISERS,AP-NPG as a function of the d /D ratios.























































FIG. 3. Color online a UV-visible extinction spectra of GP-NPG films
with different pore sizes and d /D ratios. b Relationship of max of GP-
NPG  and AP-NPG  films with d. c  of GP-NPG films as a
function of 1 /D.
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Eright
2 /E0
2 are calculated based on the nanostructure illus-
trated in Fig. 4b, where the near-field coupling effect can
be negligible and local electric fields are mainly produced by
the curvatures of the nanopore when the incident light was
polarized in the x direction. Representative distributions of
Eleft
2 /E0
2 are shown in Figs. 4d, 4g, and 4j. By sub-
tracting these local electric fields from the total fields
E2 /E0
2, the contribution of EM coupling between face-to-
face ligaments Ecoup
2 /E0
2 can be assessed, which are











Apparently, the EM enhancements from near-field coupling
dramatically increase as the ratio of d /D decreases compared
to the NPG with the same pore size but large d /D ratios.
Therefore, for SERS effect of GP-NPG films, in addition to
the LSP, the weakening of plasmon damping with increasing
ligament sizes obviously enhances the near-field coupling
between neighboring ligaments, which gives rise to the
observed SERS improvements with the decrease in the d /D
ratios.
In summary, we have fabricated NPG films with an in-
teresting nanostructure consisting of quasi-periodic small
pore channels and large ligaments by plating Au onto the
inner surfaces of conventional NPG films. The superior
SERS enhancements of the novel NPG films, arising from
the geometric effect, will facilitate the applications of the
SERS technique in biological and chemical sensing with ex-
tremely high sensitivity.
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FIG. 4. Color online a and b Schematic nanostructures used for DDA
simulations. Calculated electric field distributions on the top surface of
NPG: c total electric field E2 /E0
2, d electric field of half hole
Epart
2 /E0
2 e EM coupling electric field Ecoup
2 /E0
2 for d=10 nm and
D=30 nm; the distributions of f E2 /E0
2, g Epart
2 /E0
2 and h Ecoup
2 /E0
2






2 for d=D=20 nm. The incident light of 514 nm was polarized in
the x direction.
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